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IHI-NI'TRIDE DEVICE WITH IMPROVED
LAYOUT GEOMETRY

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s based on and claims benefit of

U.S. Provisional Application No. 60/527,576, filed Dec. 5,
2003, entitled AlGaN/GaN Field Effect Transistor Design
with Optimal Finger Design, to which a claim of priorty 1s
hereby made, and the entire contents of which are hereby
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a class of field
eflect transistors based on IlI-nitride materials, and relates
more particularly to a field effect transistor layout geometry
for carrying high current.

2. Description of Related Art

Column III-nmitride alloy used 1n semiconductors, includ-
ing AIN, GaN and InN may be used to produced devices that
exhibit large dielectric breakdown fields, and are capable of
high power, high frequency switching. A typical application
for IIl-nmitride semiconductors 1s 1n the construction of
emitters for cell phone base stations. III-nitride semicon-
ductors have a large dielectric breakdown field of greater
than 2.2 MV/cm, while providing high mobility for carriers,
making them excellent for power applications.

The device 1s fabricated for the high power applications
where III-nitride materials are advantageous, have a high
clectron mobility and are referred to variously as hetero-
junction field eflect transistors (HFETs), high electron
mobility transistors (HEMTs) or modulation doped field
cllect transistors (MODFETs). These types of devices are
typically able to withstand high voltages such as 1n the range
of 100 Volts, while operating at high frequencies, typically
in the range of 2-100 GHz. These types of devices may be
modified for a number of types of applications, but typically
operate through the use of piezoelectric polarization fields to
generate a two dimensional electron gas (2DEG) that allows
transport of very high current densities with very low
resistive losses. The 2DEG 1s formed, for example, at an
interface of AlGaN and GalN materials 1n these conventional
[1I-nitride HEMT devices.

The formation of a high electron mobility channel in
[II-nitride semiconductor materials permits devices to be
constructed that are capable of operating well 1n high current
applications. This feature of Ill-mitride semiconductor
devices results 1n an improvement by a factor of ten 1n the
resistance area product (RA) when compared to state of the
art silicon based devices. The switching speed of these
devices 1s also many times higher than that of conventional
silicon devices, while switching losses are much lower.
These attributes all contribute to permitting the construction
of high frequency, low loss devices for high current appli-
cations.

Previously, IlI-nitride semiconductor devices fabricated
for high voltage, high frequency applications have often
been formed as planar devices with ohmic contacts located
on either side of a gate contact that controls the conduction
channel between the two ohmic contacts. This type of planar
structure 1s illustrated 1n FIG. 1 i device 10. Device 10 1s
a simple MISFET constructed using Ill-nitride materials.
Device 10 includes a body layer 13, overlaid by a barrier
layer 17, both of which are composed of III-nitride mater:-
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als. Laver 17 has an in-plane lattice constant that 1s lower
than that of layer 15, which contributes to producing inter-
face strain and high electron mobility 2DEG 13. A source 12
and a drain 14 are coupled to barrier layer 17 through low
resistance ohmic contacts 18, to form current carrying
clectrodes for device 10. A gate 16 1s positioned between
source 12 and drain 14, and is separated from layer 17 by a
dielectric layer 11. The application of an electric potential to
gate 16 mterrupts the conduction channel formed by 2DEG
13, to prevent current conduction between source 12 and
drain 14. Device 10 1s accordingly a depletion mode, or
nominally on device. Exemplary constructs of device 10
provide for body layer 15 to be composed of GaN, while
area laver 17 1s composed of AlGaN. Source 12 and drain 14
offer the same functionality, and may be interchangeable, or
simply referred to as ochmic contacts. Gate 16 1s formed as
an electrode and 1s composed of a conductor, such as metal
or conductive semiconductor material.

Device 10 illustrates a III-nitride semiconductor structure
that 1s capable of switching high voltages dependent upon
the thickness of dielectric layer 11, and the separation of gate
16 from either of source 12 or drain 14. A MISFET con-
structed according to the structure of device 10 may carry up
to approximately 1 A/MM per unit of gate length on the
device. These types of devices have been used successiully
in low current, high power, high frequency applications. For
high current applications, such as applications that may
control ten or more amps of current, the structure of device
10 1s impractical due to the dimensional requirements of a
device 1 such an application. For example, if device 10
were constructed for use with an application 1n which ten or
more amps ol current were switched and controlled, device
10 would have dimensions of approximately 10 microns by
10 mm, which would not be practically suitable for use 1n
real world applications. Accordingly, 1t would be desirable
to produce an HFET device such as a MISFET that 1s
capable of controlling ten or more amps of current, while
meeting the dimensional needs of real world applications.

Designs to overcome the above drawbacks have been
previously presented in silicon devices, where the resultant
device 1s much more compact and 1s manufactured and
handled with greater ease for real world applications. A plan
view ol a high current MISFET device 20 1s illustrated in
FIG. 2. Device 20 has interdigitated portions of a drain
clectrode 22 and a source electrode 24 extending between an
alternating with each other. A gate electrode 26 1s formed 1n
a serpentine shape between interdigitated drain portions 23
and interdigitated source portions 25. Gate electrode 26 1s
separated from drain and source electrodes 22, 24 with a
dielectric 21. Device 20 may be a smaller segment of a larger
device, where power connections are made to device 20
along runners 22A and 24A to contact drain and source
clectrodes 22, 24, respectively. A number of devices 20 may
be ganged together to obtain a desired current rating, while
individual devices 20 are constructed to have desired maxi-
mum voltage ratings.

Device 20 provides a more symmetrical design widely
used 1n presently fabricated current control devices. How-
ever, when a III-nitride semiconductor device 1s constructed
according to the configuration of device 20, the higher
current applications for which such a device i1s used 1ntro-
duce additional problems in the operation of such a device.
Due to the large amounts of current passed between drain
and source electrodes 22, 24, under gate electrode 26, the
resistance of the material used to construct electrodes 22, 24
increases 1n significance with respect to overall operation of
device 20. Accordingly, current flowing through runners
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22A, 24A tends to diminish towards the tips of finger
portions 23, 25, due to the resistance of the maternial used to
make finger portions 23, 25. More current flows 1n finger
portions 23, 25 closer to runners 22A, 24 A, respectively than
at the tips of finger portions 23, 25. This varniation 1n current
flow due to the resistance of finger portions 23, 25 results 1n
a power loss related to the length of finger portions 23, 25.
Accordingly, 1t would be desirable to produce a design for
a MISFET structure using I1I-nitride semiconductor material
that has a lower on resistance, with improved resistance-area
product (RA).

A drawback of III-nitride HEMT devices that permit high
current densities with low resistive losses 1s the limited
thickness that can be achieved 1n the strained AlGaN/GaN
system. The difference in the lattice structures of these types
ol materials produces a strain that can result 1n dislocation
of films grown to produce the different layers. This results 1n
high levels of leakage through a barrier layer, for example.
Some previous designs have focused on reducing the in-
plane lattice constant of the AlGaN layer to near where the
point of relaxation occurs to reduce the dislocation genera-
tion and leakage. However, the problem of limited thickness
1s not addressed by these designs.

Another solution 1s to add insulation layers to prevent
leakage problems. The addition of an insulator layer can
reduce the leakage through the barrier, and typical layers
used for this purpose are silicon oxide, silicon nitride,
saphire, or other insulators, disposed between the AlGaN
and metal gate layers. This type of device 1s often referred
to as a MISHFET and has some advantages over the
traditional devices that do not have an insulator layer.

While additional insulator layers can permit thicker
strained AlGaN/GaN systems to be constructed, the con-
finement layer produced by the additional insulator results 1n
lower current carrying capacity due to the scattering eflect
produced on electrons at the GaN/insulator interface. Also,
the additional interface between the AlGalN layer and the
insulator results 1n the production of interface trap states that
slow the response of the device. The additional thickness of
the oxide, plus the additional interfaces between the two
layers, also results 1n the use of larger gate drive voltages to

switch the device.

Conventional device designs using nitride matenal to
obtain nominally ofl devices rely on this additional insulator
to act as a confinement layer, and may reduce or eliminate
the top AlGaN layer. These devices, however, typically have
lower current carrying capacity due to scattering at the
(GalN/insulator interface.

Accordingly, it would be desirable to produce a nominally
oflf HEMT switching device or FET that has a low leakage
characteristic with fewer interfaces and layers that can still
withstand high voltage and produce high current densities
with low resistive losses. Presently, planar devices have
been fabricated with GaN and AlGaN alloys through a
number of techmques, including MOCVD (metal organic
chemical vapor deposition) as well as molecular beam
epitaxy (MBE) and hydride vapor phase epitaxy (HVPE).

Materials 1n the gallium nitride maternial system may
include galllum mitride (GaN) and 1ts alloys such as alumi-
num gallium nitride (AlGaN), mdium gallium nitride (In-
GaN) and mdium aluminum gallium nitride (InAlGaN).
These materials are semiconductor compounds that have a
relatively wide direct bandgap that permits highly energetic
clectronic transitions to occur. Gallium nitride matenals
have been formed on a number of different substrates
including silicon carbide (S1C), saphire and silicon. Silicon
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substrates are readily available and relatively inexpensive,
and silicon processing technology has been well developed.

SUMMARY OF THE INVENTION

In accordance with the present invention, there 1s pro-
vided a geometrical layout for electrode components 1n a
high current Ill-nitride device that improves parametric
operation of the device. The electrode component layout 1s
provided to reduced a path of resistance between two current
carrying electrodes to reduce on resistance in the device.
Generally, the present imvention provides for an interdigi-
tated electrode design that increases an amount of conduc-
tion material available for high current flow areas. The
current tlow 1n the electrode 1s balanced according to the
design, so that overall device resistance 1s reduced.

According to one exemplary embodiment of the present
invention, there 1s provided a FET device with an interdigi-
tated design for current carrying electrodes, where the
interdigitated fingers have bases with a greater dimension
than a dimension of the tips. The resistance-area product
(RA) of the device 1s minimized according to the dimensions
of the mterdigitated fingers.

According to another aspect of the present invention,
there 1s provided a method of minimizing a resistance-area
product (RA) for a III-mitride semiconductor device. Mini-
mization of the RA 1s dependent upon the thickness of the
conductive material making up the current carrying elec-
trodes, the contact resistance and device conductivity, for
example. Generally, minimization of RA provides for an
interdigitated finger form with a wider base and thinner tip.

In accordance with another aspect of the present mven-
tion, a IlI-nitride device with a gallium nitride body layer
and AlGaN barner layer 1s provided for controlling high
currents with a low on resistance. The device may take the

form of a FE'T, a rectifier, schottky diode, pinch resistor and
so forth. The devices provided according to the present
invention may be nominally on, or depletion mode devices,
or may be nominally off, or enhancement mode devices. The
materials used to construct the III-nitride semiconductor
device according to the present mvention include all of the
maternals 1n the gallium nitride matenal system, as well as
conventional semiconductor materials such as silicon and 1ts
related compound, such as silicon dioxide, silicon nitride
and so forth. Conductors may be formed of highly doped
semiconductor material or metals, including aluminum, cop-
per or any other good conductor. Substrates may be formed
out of insulative or conductive material, including silicon,
silicon carbide, sapphire and so forth.

The large diametric breakdown field in the III-nitride
semiconductor material system permits the construction of
power devices with reduced size standofl regions. The
material system also permits the production of devices with
reduced specific on resistance 1 comparison with known
devices of similar voltage ratings. Accordingly, I1I-nitride
semiconductor devices can occupy a smaller space than
corresponding conventional silicon devices, while maintain-
ing the same or better power rating. Because the design
according to the present invention further reduces on resis-
tance, a further reduction 1n size 1s available for the same
rating.

Other features and advantages of the present invention
will become apparent from the following description of the
invention which refers to the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view of a Ill-nitride FET
device.

FIG. 2 1s a plan view of an imterdigitated power semi-
conductor.

FIG. 3 1s a plan view of an interdigitated IlI-nitride FET
in accordance with the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1l

In the construction of GaN material devices, a number of
factors come imto play to impact the functionality and
capability of the devices. A large lattice mismatch in III-
nitride materials and the strong piezoelectric and polariza-
tion eflects 1n these materials significantly impact the elec-
trical properties of IlI-nitride heterojunction devices. Nearly
all reported GaN-based HEMTs to date use strained GaN—
AlGaN junctions with alloy compositions that are designed
to maximize the strain 1n the AlGalN layer but avoid pro-
ducing long term instabilities 1n the AlGaN layer or device.
Various devices and systems for building heterojunction
devices have been proposed to control the lattice mismatch
and the strain of the GaN-—AIlGaNN junctions. These devices
are particularly designed to take advantage of piezoelectric
and spontaneous polarization effects and to minimize long
term 1nstabilities.

GalN/AlGaN HEMT devices typically have three termi-
nals including a gate, a drain and a source terminal for
controlling electrical power tlow, as illustrated 1n FIG. 1. An
clectrical potential applied to the gate terminal controls the
flow of current from the drain terminal to the source terminal
via an electrically conductive channel. The electrically con-
ductive channel 1s defined by at least one heterointerface
between two different semiconductor materials.

When AlGaN/GaN materials compose the Ill-mitride
semiconductor materials of a HEMT, and AlGaN 1s used as
a barrier layer, polarization charges resulting from the spon-
taneous polarization properties of AlGaN as well as strain
induced characteristics known as piezoelectric polarization
fields are present. The control of the formation of these fields
in the construction of an HEMT device leads to different
characteristics that make GaN-based HEM'T devices suitable
for a wide variety of applications depending upon how the
device 1s characterized.

A conventional III-nitride HEMT device may include a
barrier layer that 1s disposed on a channel layer to induce a
2DEG that produces a high concentration of electrons in the
channel to thereby enhance the electrically conductive prop-
erties of the channel.

Referring now to FIG. 3, a FET device 30 1s illustrated
with a specific interdigitated current carrying electrode
layout geometry to minimize resistance during operation.
Device 30 1s capable of carrying large amounts of current,
for example 10 or more amps during nominal operation. A
drain electrode 32 and a source electrode 34 provide the
contacts for carrying current in device 30. Electrodes 32 and
34 include runners 32a and 34a, respectively, for connection
to other semiconductor devices or circuitry. Accordingly,
runners 32a and 34a feed current into and out of device 30,
in cooperation with interdigitated fingers 33 and 35. Because
current entering or leaving device 30 takes a path along
runners 32a or 34a, the bases of interdigitated fingers 33 and
35, nearest to runners 32a and 34a, respectively, form
conduits for current from and to runners 32a and 34a. In
other words, current fed into and out of device 30 i1s first
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6

applied to interdigitated fingers 33, 335 after their bases
nearest to runners 32a and 34a, respectively.

Due to the resistance of the conductive material used to
tabricate interdigitated fingers 33 and 33, current normally
tends to concentrate near the bases of interdigitated fingers
33, 35. However, because interdigitated fingers 33, 33 are
provided with larger dimension bases than 1s the case after
their tips, current applied to interdigitated fingers 33, 35 1s
distributed more evenly throughout fingers 33, 35. Due to
the more even distribution of current 1n fingers 33, 35, due
to the base having a larger dimension than the tip, resistance
within each finger 1s reduced, and overall device resistance
1s also significantly reduced.

The construction of ohmic contacts, schottky contacts,
insulator layers and metallized contacts are performed
according to known techmiques. In addition, passivation
layers and cladding may be applied to the enhancement
mode transistors described herein, as well as techniques for
forming contacts to current carrying electrodes and gates to
provide a finished device.

The III-mitride materials used to construct device 30
typically exhibit much better blocking characteristics than
conventional materials, so that device 30 may be constructed
in a smaller size than 1s permitted with conventional mate-
rials, while maintaining or improving operational parametric
values, such as on resistance or voltage blocking. Because
device 30 may be realized in a smaller size than conven-
tional devices to perform comparative functions, a reduced
on-resistance can be realized to obtain improved power
eiliciency 1n conjunction with the present invention.

In addition, electrodes 32, 34 may be formed with a low
resistive ohmic contact process that further improves the
operational characteristics of device 30.

Referring for a moment to FIG. 2, as current flows down
fingers 23, 235 power 1s lost due to the resistance of the finger
metal. At the base areas of fingers 23, 25, the highest amount
of current 1s flowing 1n fingers 23, 25. Towards the tip of
fingers 23, 25, current decreases due to the current flow out
of the finger and under the gate to the opposite contact, 22
or 24, respectively. A power loss due to the resistance of the
fingers 1s given by the following equation.

P(x)=[P(x)xR(x)dx

To minimize the power lost to the resistance of fingers 33,
35 the finger structure according to device 30 1s provided.
Fingers 33, 35 are wide at the base to accommodate larger
current flowing through this area, while the tips of fingers
33, 35 are smaller in dimension due to less current tlowing
through this area. The shape of fingers 33, 35 may be
optimized to minimize an overall RA value for the device.

Minimizing RA for device 30 depends upon the thickness
of the conductive material used to construct contacts 32, 34,
contact resistance, device conductivity and other physical
characteristics. Accordingly, a method for determining an
optimal shape for fingers 33, 35 1s provided where a desired
device rating for current capacity 1s known, as well as the
conductive material used to construct contacts 32, 34. The
dimensions of fingers 33, 35 are adjusted to achieve the
optimal RA value for the rated device current. For example,
in high current applications, fingers 33, 35 may have wider
bases and rounded edges near the tips and bases to improve
the RA product and prevent high electric fields from being
formed in particular locations.

The device current rating contributes to determining a
length of fingers 33, 35, which then contributes to deter-
mining the RA value for the given current rating.
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Although the present mmvention has been described in
relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled 1n the art. It 1s preferred, therefore,
that the present invention be limited not by the specific
disclosure herein, but only by the appended claims.

What 1s claimed 1s:

1. A III-mitride high current semiconductor device, com-
prising:

a conduction channel for carrying current in the device
that includes an interface between the III-nitride mate-
rials having different in-plane lattice constants;

a first electrode coupled to the conduction channel for
carrying channel current;

a second electrode coupled to the conduction channel for
carrying channel current;

the first and second electrodes being formed to have
extensions being opposed to each other 1n an interlock-
ing pattern to contribute to reducing a dimension of the
device 1n relation to a length of the conduction channel;
and

the extensions having ends with a smaller dimension than
a remainder of the extensions.

2. The device according to claim 1, further comprising a
control contact coupled to the conduction channel and
operable to mterrupt or complete the conduction channel
with the application of an electric potential to the control
contact.

3. The device according to claim 2, further comprising a
dielectric layer between the control contact and the conduc-
tion channel.

4. The device according to claim 3, wherein the device 1s
a FET.

5. The device according to claim 1, wherein the I1I-nitride
materials are composed of alloys contaiming one or more of
the group consisting of gallium, aluminum and indium.

6. The device according to claim 2, wherein the control
contact 1s formed between the first and second electrodes 1n
the interlocking pattern, and 1s 1solated from the first and
second electrodes.
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7. The device according to claim 1, wherein one of the
first and second electrodes further comprises a schottky
contact.

8. The device according to claim 7, wherein the device 1s
formed as a rectifier.

9. A method for arranging electrodes 1n a I1I-nitride high
current semiconductor device, comprising:

forming a conduction channel at an interface of two
III-mitride materials having different in-plane lattice
constants;

forming a plurality of electrodes coupled to the conduc-
tion channel to conduct current with the conduction
channel, the electrodes being formed 1n an 1nterlocking,
pattern with extensions from one electrode projecting
into recesses 1n another electrode, and vice versa; and

forming tips of the extensions to have a smaller dimension
than that of a remainder of the extensions.

10. The method according to claim 9, further comprising
forming a control electrode coupled to the conduction chan-
nel to control the conduction channel to be conducting or
non-conducting.

11. The method according to claim 9, further comprising
forming a dielectric between the conduction channel and the
control electrode.

12. The method according to claim 9, when the III-nitride
materials used to form the interface are composed of alloys
selected from the group consisting of gallium, aluminum
and indium.

13. The method according to claim 9, further comprising
forming an electrode as a schottky contact.

14. The method according to claim 10, further comprising
tforming the control electrode between two electrodes 1n the
interlocking pattern.
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